Introduction
Just prior to the beginning of this century, Bruce Alberts eloquently described how the next generation of molecular biologists would need to be trained in order to meet the challenges of studying the organization of matter in living cells (Alberts, 1998) . He argued that students would need an appreciation of physicochemical principles and techniques for them to perform the future research necessary to understand the structures and dynamics of well-organized protein complexes, or ''protein machines,'' and how they are spatially and temporally arranged to perform distinct cellular functions. More recently, Alberts has emphasized that important challenges in molecular biology also include understanding other types of cellular molecular organizations, including what he referred to as ''subcompartments that are not membrane enclosed'' (Alberts, 2010; Alberts et al., 2007) .
To begin to understand these machines and their subcompartments, it's important to understand their constituent components. What has emerged from extensive large-scale protein-protein interaction network studies is that few of the proteins in these networks form stable complexes with fixed stoichiometry (of equal or nearly equivalent numbers of each subunits) that one would expect of protein machines (Collins et al., 2007; Gavin et al., 2006; Gavin et al., 2002; Hein et al., 2015; Ho et al., 2002; Krogan et al., 2006; Tarassov et al., 2008) . For example, in vivo and in vitro proteome-wide protein-protein interaction mapping resulted in successful detection of stable complexes such as the nuclear pore complex (Figures 1A and 1B) , but large regions of protein interactomes are not composed of stable, defined complexes ( Figure 1C ). In addition, in a recent large-scale study of human proteinprotein interactions, the investigators observed few examples of complexes with high subunit stoichiometry .
What does the apparent lack of order in protein interactomes tell us about how proteins usually behave? We have argued that many, perhaps >50% of protein-protein interactions are ''noise.'' By noise, we mean protein-protein interactions that serve no discernable function (Kanshin et al., 2015; Landry et al., 2013; Landry et al., 2009; Levy et al., 2012; Tarassov et al., 2008) . This kind of noise may also arise in protein-RNA and protein-DNA interactions (Landry et al., 2013) . Although a large proportion of protein-protein interactions may be noise, non-complex patterns of interactions that we see in protein-protein interaction networks could also represent other kinds of order created by interactions among proteins, RNA, DNA, and membrane surfaces.
Over a century ago, Edmund Wilson summarized a body of work on how the protoplasm of cells appeared to be composed of phase-separated mixtures of distinct globular objects Wilson, 1899) . What precisely accounted for these observations remained a mystery until just recently. Evidence has now emerged for alternative organizations of matter in cells that could explain some of the transient, complex-less interactions observed in protein-protein interaction networks. Notable among this body of work are the observations that proteins and protein-nucleic-acid mixtures can undergo liquid-liquid phase separation (LLPS) to form liquid droplets or what have been called, ''non-membranous organelles'' (Table 1 for definitions) (Brangwynne, 2011 (Brangwynne, , 2013 Brangwynne et al., 2009 Brangwynne et al., , 2011 Lee et al., 2013b; Li et al., 2012a; Weber and Brangwynne, 2012) . Pioneering efforts of Cliff Brangwynne, Tony Hyman, and Michael Rosen established that these bodies behave like liquids and presented examples of their biological functions.
What we now know about liquid droplets has been extensively reviewed and it is not our intention here to cover the state of the field in detail (Brangwynne, 2011; Brangwynne et al., 2015; Hyman and Brangwynne, 2011; Hyman and Simons, 2012; Hyman et al., 2014; Sear et al., 2015; Zhu and Brangwynne, 2015) . Our goal with this Perspective is to focus on basic observations about the functions of and molecular mechanisms of formation of liquid droplet and to reflect on outstanding questions that arise from recognition of their existence, including: what are the hallmarks and the distinct properties of proteins that undergo LLPS? What is the nature of the interactions among molecules that form a liquid droplet and other molecules that encounter or enter these bodies? What do molecular interactomes mean in the context of liquid droplets? Is phase separation an important and extensive form of organized matter in the cell? As our understanding of this form of organization of matter develops, the challenge then becomes figuring out how many distinct droplets exist, how they could mediate biochemical processes, and (perhaps optimistically) how they may explain molecular mechanisms that, to date, have remained mysteries.
What Are the Hallmarks of Liquid-Liquid Phase Separated Protein Droplets? A number of mesoscale bodies (hundreds of nanometers to micrometers), particularly in the nucleus, have been described as non-membranous organelles, including nucleoli, nuclear Speckles, Cajal bodies, and Promyelocytic leukemia (PML) bodies (Brangwynne, 2011; Nott et al., 2015) . More recently, these and other cellular structures have been demonstrated to behave as liquid droplets, including a number of RNAprotein assemblies such as germline P granules, processing (P) bodies, and stress granules, as well as DNA-protein complexes such as centrosomes, mitotic spindles, and signaling and actin polymerization complex activation bodies (Banjade and Rosen, 2014; Brangwynne et al., 2009; Jiang et al., 2015; Kroschwald et al., 2015; Li et al., 2012a; Lin et al., 2015; Molliex et al., 2015; Sear, 2007; Zwicker et al., 2014) . Across this broad swath of biology, three basic principles underlie all of these membrane-less organelles. They arise from a phase separation of proteins or proteins and nucleic acids from the surrounding milieu. They remain in a liquid state but with properties distinct from those of the surrounding matter, and importantly, proteins exchange with these bodies in seconds instead of minutes, hours, or longer, as occurs for subunits of stable complexes (Brangwynne, 2013; Brangwynne et al., 2009 Brangwynne et al., , 2011 Hyman and Brangwynne, 2011; Lee et al., 2013a; Li et al., 2012a; Patel et al., 2015; Weber and Brangwynne, 2012) . Are there any common characteristics of proteins or nucleic acids that are found to form liquid droplets? As we describe next, the characteristics of amino acid sequences of droplet-forming proteins are remarkably simple.
Amino Acid Sequence Characteristics of DropletForming Proteins
The catalog (to date) of proteins that phase separate into droplets is enriched for those having low complexity amino acid composition domains (LCDs) including tandem repeats (TRs) of individual amino acids or amino acid motifs, such as polyglutamine (polyQ) and polyasparagine (polyN) tracts (Altmeyer et al., 2015) . These LCD-containing proteins belong to the general class of intrinsically disordered proteins (IDP)s that make up about a third of eukaryotic proteome peptide sequence (Dunker et al., 2015; Toretsky and Wright, 2014 ; van der Lee (A) Clustered protein-protein interactions among the yeast Saccharomyces cerevisiae proteins that are subunits of the nuclear pore complex. The proteinprotein interactions were retrieved from Biogrid and organized into a binary association matrix. A hierarchical agglomerative average linkage clustering with the uncentered correlation coefficient as the distance matrix was then applied to this association matrix, and the interactions were visualized with the iVici software (http://michnick.bcm.umontreal.ca/resources/software/iVici.jar) (Tarassov and Michnick, 2005) . (B) Architecture of the ordered assembly of the nuclear pore complex determined from biophysical and proteomic data (Alber et al., 2007) . (C) Another submatrix of the yeast protein-protein interaction network does not show multiple intersubunit protein-protein interactions that would be expected of a multiprotein complex. DSN1, a component of the MIND kineticore complex, makes a number of binary interactions; however, most make no other interactions with each other. et al., 2014). We have calculated that there are over 800 such proteins in the yeast S. cerevisiae proteome.
One class of droplet-forming proteins have TRs contained within LCDs called prion domains (PrDs) (Alberti et al., 2009; Alexandrov and Ter-Avanesyan, 2013; Brown and Lindquist, 2009; Caudron and Barral, 2013; Costanzo et al., 2010; Decker et al., 2007; Duennwald et al., 2012; Heinrich and Lindquist, 2011; Holmes et al., 2013; Malinovska et al., 2013; Patel et al., 2009; Raveendra et al., 2013; Sabate et al., 2015; Toombs et al., 2010; Webb et al., 2014) . PrDs have been implicated as epigenetic agents, driving the formation of inheritable protein complexes through conformational changes in the protein itself or in other PrD-containing proteins (Brown and Lindquist, 2009; Chung et al., 2013; Heinrich and Lindquist, 2011; Holmes et al., 2013) . PrD-containing proteins have been demonstrated to underlie the molecular basis of long-term memory in eukaryotes from budding yeast to fruit flies, snails, and mice (Caudron and Barral, 2013; Drisaldi et al., 2015; Fioriti et al., 2015; Heinrich and Lindquist, 2011; Keleman et al., 2007; Raveendra et al., 2013; Si et al., 2003 Si et al., , 2010 Stephan et al., 2015) . TR length variation has also been implicated in neutral or beneficial variations, for example in cell-surface adhesion and transcription factor activities in yeast and canine skull morphology (Fondon and Garner, 2004; Gemayel et al., 2015; Verstrepen et al., 2005) . By contrast, mutants of PrD-containing proteins have been implicated in a number of neuro-and neuromuscular-degenerate diseases through formation of insoluble amyloid fibrils (Duim et al., 2011; Jayaraman et al., 2012; Kim et al., 2009; Liebman and Meredith, 2010; Mishra et al., 2012) . For example, expansion of the polyQ TRs in huntingtin protein contributes to Huntington's disease. A number of other devastating inherited or acquired neurodegenerative disorders such as myotonic dystrophy and Parkinsonism may be developed through similar mechanisms (La Spada and Taylor, 2010) .
We are only beginning to understand what the few known droplets do and which biochemical and physical processes drive their formation. Since proteins with LCDs represent 30% of the eukaryotic proteome (Sim and Creamer, 2002) and a large number of these proteins are putative droplet components, we speculate that many unique liquid droplets could exist. Microscopists have long observed numerous cellular punctate structures, revealed in fluorescence microscopy of proteins fused to fluorescent proteins. What proportion of these corresponds to liquid droplets of some stripe?
Proteins containing multiple-folded binding domains (to mediate interactions with other peptides or nucleic acids) separated by low complexity linkers are also proposed to phase separate into liquid droplets. Looking at a network of the proteins Nephrin, Nck, and the Wiscott-Aldrich protein (WASP) N-terminal domain, studies describe evidence, in vivo and in vitro, for tyrosine phosphorylation of the membrane-associated Nephrin as creating linear docking sites for the binding of an SH2 domain in Nck, which in turn organizes its three SH3 domains in space (Banjade and Rosen, 2014; Banjade et al., 2015; Li et al., 2012a ). These reorganized SH3 domains then bind to complementary peptide motifs in N-WASP. The multivalency of these interactions generates a protein-protein interaction network as a phase-separated droplet. This phase separation was shown to induce F-actin polymerization in the presence of Arp2/3 (Banjade and Rosen, 2014) . Recently, the adaptor protein Grb2, which contains two SH3 domains, was shown to be essential to liquid phase separation of an intermediate module of T cell receptor signaling (Su et al., 2016) . Both SH3 domains of Grb2 were necessary for phase separation. The implications from the organization of these proteins to the mechanism of phase separation are discussed below.
Does Biological Matter Transform into Distinct Coalesced States?
Having considered some basic definitions for liquid droplets and the patterns of protein sequences that support their formation, it's important to bring in a more general view on phase Similarly, simple organic molecules can undergo phase transitions under the right conditions. For example, Brian Shoichet has described asymmetric aromatic compounds that are soluble in aqueous solution but that phase-separate into liquid droplets in a concentration-and temperature-dependent manner (Sassano et al., 2013) . Interestingly, the change in state of the small molecule can be used to influence biomolecules. Among these, one series of compounds was shown to spontaneously form extended amyloid-like solid fibrils that could act as scaffolds for caspases, leading to the activation of their self-cleavage, the key step in their full activation. Interestingly, beta-amyloid peptides were shown to bind similarly to these caspases (Zorn et al., 2011) . Another remarkable example is a biotinylated isoxazole molecule reported by Steven McKnight's group, which upon exposure to cell lysates, concentrates RNA binding proteins into ordered arrangements. They went on to show that the LCD-containing RNA binding protein FUS also formed solid hydrogels that could concentrate RNAs Kato et al., 2012 ).
It's important to keep in mind that, liquid-liquid and liquid-solid phase separations of proteins are not unheard of nor are they specific to the LCD-containing proteins. Any stably folded, single-domain protein could phase separate into a liquid droplet under the right conditions. For instance, the art of protein crystallization involves placing proteins under a number of different conditions, such as various concentrations of certain salts, buffers, detergents, and crowding agents (e.g., polyethylene glycols or polyanionic polymers of different lengths). Screened under these different conditions, proteins can be driven to undergo a number of phase transitions to liquid droplets, to solid precipitates, and either directly or through one of these states (if you are lucky), to ordered crystals (Zhang et al., 2012) . What makes LCDcontaining proteins special is that they can undergo liquid-liquid phase separation more readily, either self-coalescing at critical pH or salt concentrations or upon binding to nucleic acids or other proteins. As we discuss later, post-translational modifications of LCD-containing proteins have also been shown to induce phase separation into liquid droplets.
Liquid droplets are not the only state that LCD-containing proteins can take on. The most well-known and extensively studied forms are amyloid fibrils. Recent in vitro studies show a slow transition of LCD-containing proteins from weakly associated to fibrillar arrangements, and the evolution of this process may be accelerated, in vivo, in the naturally occurring mutant variants of these proteins, some of which are known to be pathogenic (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015; Zhang et al., 2015) . However, we do not know if fibrillar arrangements of LCD proteins exist in vivo under normal conditions. We do know that homogeneous preparations of liquid droplets in vitro, made of individual LCD-containing proteins, start out as dispersed, weakly associated molecules that exchange with surrounding solutions rapidly, some of which gradually transit to a fibrillar state in which individual monomers no longer exchange rapidly with the surroundings (Molliex et al., 2015; Patel et al., 2015; Zhang et al., 2015) . Could this happen in vivo? We do know that protein-RNA assemblies can have a range of liquid to solid states depending on their compositions (Hubstenberger et al., 2015) . A key difference between the in vitro and in vivo settings centers on the complexity of the available protein population. It is possible that the transition of cellular liquid droplets, such as P-bodies, into fibrillar states is prevented because of their heterogeneous composition. Cellular droplets are mixtures of interacting proteins or proteins and nucleic acids. In such mixtures, competing heterogeneous interactions among the different types of molecules may somehow frustrate the formation of higher-ordered fibrillar states. The cell protein quality control machinery is also proposed to help preserve the liquid or solid states of protein and protein-RNA assemblies. For example, recent work on budding yeast showed that the action of Hsp104 disaggregase is required to maintain liquid-like P-bodies or that the cellular disaggregation activity is needed to dissolve functional stress granule aggregates (Kroschwald et al., 2015) .
What Is the Nature of the Interactions among Molecules in a Liquid Droplet?
What is it about low complexity sequences that make them susceptible to forming a continuum of states? How do the various liquid droplets keep their individual compositions in the cellular milieu? Do proteins within droplets further separate into subphases? Very little is known and there is no all-encompassing theory for how liquid droplets form or how they have evolved. There are, however, some compelling theories, intuitions, and specific cases that can serve as starting points to understand liquid-liquid phase transitions of proteins.
Theories of beta-amyloid fibril formation have either explicitly or implicitly implied formation of a liquid-liquid phase separated intermediate (Padrick and Miranker, 2002) . The general idea is that a more disordered and dynamic intermediate is needed for formation of a structured and static aggregate. A model for amyloid formation by the protein huntingtin, the pathological agent in the neurodegenerative Huntington's disease, explicitly invokes a transient coiled-coil intermediate, formed from a variable-length glutamine tract. The length of this polyQ tract determines the tendency for huntingtin to form pathological beta-amyloid structures (Crick et al., 2013; Jayaraman et al., 2012; Kim et al., 2009; Liebman and Meredith, 2010; Williamson et al., 2010) . This model has also contributed to a general model of fibrillar structural transitions of polyN/polyQ TR proteins (Fiumara et al., 2010) . Although a liquid-liquid phase transition is not specifically invoked, it has inspired explanations for their potential occurrence. For instance, in a recent study of the partial reconstitution of the P-body, the authors propose that the LCDs contain sequence motifs that undergo spontaneous coil-to-helix transitions, allowing them to serve as nucleation sites for formation of a network of intermolecular coiled-coils at a critical concentration (Fromm et al., 2014) . The authors showed that disruption of helix-forming sequences could prevent formation of liquid droplets. Valency, the number of repeated or distinct binding domains or amino acid motifs in proteins, can also be important to liquid-liquid phase separation. For example, phase-separation of SH3-domain-prolyl peptide interactions between Nck and N-WASP described above depends on the number of repeats of SH3 domains or SH3-domain-binding motifs (Li et al., 2012a) . In analogy to this case, Fromm et al., (2014) argue that phase separation depends on the number of possible intermolecular coiled-coils that the P-body proteins they studied could make.
The multivalent domain interaction network model described above is compelling because it explains liquid-liquid phase transitions in terms of structure and chemical complementarity (Falkenberg et al., 2013) . It is, however, a model that is based on a limited number of examples and studied under non-physiological conditions and that cannot explain other aspects of droplet formation such as charge distribution dependencies. Furthermore, droplets can form from LCD-containing proteins that show no propensity or evidence of forming structured domains. Droplet formation can, for instance, be driven by simple posttranslational modifications. More general theories that could account for and predict liquid droplet formations of LCD-containing proteins are needed.
Rohit Pappu has adapted a general theory to explain amyloid fibril formation from first principles of polymer theory that can also serve as a working theory for liquid-liquid phase separation of proteins . In this model, IDPs with specific sequence properties do not take on extended conformations in a dilute solution but, rather, are collapsed into a compact globular form. The sequence property central to this theory is the existence of a specific length scale to intra-and inter-segmental peptide interactions of 7-10 amino acids. These segments, referred to as ''blobs,'' constitute the length scale beyond which the balance of chain-chain, chain-solvent, and solvent-solvent interactions is at least of the order of the thermal energy of the blob (Tran and Pappu, 2006) . Under conditions where chain-solvent interactions are favorable (a so-called ''good solvent'') or above a critical temperature, the interactions between blobs are net repulsive and the chain will swell to maximize interactions of the blobs with solvent, but under the opposite conditions (in a ''poor'' solvent or below the critical temperature), the polypeptide chain collapses into a globular form (Figure 2A) . Vitalis et al. have shown that this model is consistent with scattering and spectroscopic data as well as molecular dynamic simulations (Vitalis and Pappu, 2011; Vitalis et al., 2007 Vitalis et al., , 2008 Vitalis et al., , 2009 .
The key to understanding liquid-liquid phase transition of a peptide is the notion that, when the peptide reaches a critical concentration, the intermolecular blob interactions are more attractive than the intramolecular interactions and peptide-solvent interactions and the peptides demix from the surrounding milieu into a liquid droplet. In the liquid droplet, the peptide expands because now it can make favorable intermolecular blob interactions ( Figure 2B) . In a sense, the peptide is now acting as its own good solvent. The concentration of the peptides in the droplet could also influence the blob variables, including the length and volume fraction as a function of inter-chain contact distance. As the peptide volume fraction decreases, the peptide chain is predicted to undergo conformational changes from expanded globules to form flexible rods and then rigidrod structures ( Figure 2C ) (Uematsu et al., 2005) . The rigid-rod structures could coalesce into fibrillar states of the proteins noted to occur over time in droplets in vitro (Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015; Zhang et al., 2015) It is notable that this theory requires no structural transformations, and blob interactions do not have to be shape complementary (Burke et al., 2015; Hyman and Brangwynne, 2011) . Shapecomplementary interactions can, however, also occur in liquid droplet. It is notable that the length scale of blobs is the same as that of typical secondary structure elements in folded proteins, and in this theory, folded domains can be thought of as blobs themselves and phase separate with stereospecific or shape complementary interactions ( Figure 2D ) (Li et al., 2012a) .
Patterns of amino acids in blobs may also be critical to interand intra-blob interactions. Furthermore, this model indirectly distinguishes between IDPs with regard to their ability to form liquid droplets. For example, as discussed below, the pattern and number of charged amino acids, lengths of TRs, and presence of peptide-backbone-constraining amino acids in an IDP can have a profound impact on blob interactions and their tendency to phase separate (Das and Pappu, 2013) . Finally, like multi-domain folded proteins, it is quite conceivable that a single polypeptide chain could form multi-globule arrangements ( Figure 2E ). These globules may have different properties under different conditions. Some of these conditions may lead to certain arrangements, polarizations, or interactions with other macromolecules that result in phase separation of the associated molecules into a droplet with R2 sub-compartments, or some other extended periodic arrangement (Li et al., 2012b) . In the simplest case, an entire polypeptide may collapse into a single globule, but we can also picture different regions of a protein collectively forming different interactions with itself, the rest of the protein sequence, and the solvent. Such, so-called ''Janus'' particles could, for example, be more hydrophobic in one region and more polar in another (Das and Pappu, 2013) . These particles are of interest in the soft matter material sciences because many interesting configurations of matter can theoretically be generated from different arrangements of the substructure of Janus particles ( Figure 2E ) (Li et al., 2012b) . They are interesting to us because, as discussed below, sub-compartmentalization within the droplets can occur and the possibility that they are generated from Janus protein surfaces has important functional implications (Brangwynne, 2011) .
Understanding the behaviors of IDPs in general requires suspending commonly held notions of classifications of amino acids into subcategories of charged or polar ''hydrophilic'' and apolar aliphatic or aromatic ''hydrophobic'' amino acids. These notions work for most purposes in understanding, for instance, how amino acids are arranged with respect to the solvent in folded proteins or at protein-protein or protein-nucleic acid interfaces, but they fail when trying to understand the behaviors of IDPs, particularly those with LCDs. For instance, the archetypical polyQ TR-containing protein, huntingtin, forms fibrils via collapsing into beta-hairpins, driven by intramolecular backbone and side-chain hydrogen bonds, disrupting interactions with water. Thermodynamically, this process looks like the hydrophobic collapse of a folded protein, and yet, the amino acids involved are thought of as polar, hydrophilic amino acids. Thus, in the context of a tandem repeat, glutamine or asparagine prefer to interact more with themselves than with water and can therefore be viewed to behave hydrophobically. Equally paradoxical, a domain C-terminal to the polyQ tract of huntingtin that contains a preponderance of what is commonly thought to be a hydrophobic amino acid, proline, actually prevents huntingtin from collapsing into fibrils, favoring interactions with the solvent and therefore behaving as hydrophilic agents (Crick et al., 2013) . The prolines have not magically changed chemical properties, they are as hydrophilic as other polar amino acids such as Gln and Asn. However, the barrier to cis-trans isomerization of prolyl peptides disfavors the collapse of peptide into a globule, a necessary intermediate state to fibril formation and resulting in the peptide remaining soluble. Future understanding of patterns of amino acids and the properties that favor phase separation will require empirical studies, searches for heuristic rules, and ultimately, theoretical models, such as has been applied to predicting prion-forming domains or to tuning the temperaturedependent phase transition of elastin proteins (Alberti et al., 2009; Quiroz and Chilkoti, 2015) .
IDPs tend to be enriched in charged amino acids compared to folded proteins (Das and Pappu, 2013) . This observation might seem explainable as an obvious evolutionary adaption to these proteins being unfolded and thus requiring as many polar amino acids be exposed to solvent as possible. Though intuitively reasonable, such an argument contradicts the theory described above and the evidence that IDPs can exist as compact globules, obviating the need for an enrichment of polar or charged amino acids. What could be interesting and important to the way that these proteins behave is the arrangement of charged amino acids within a protein. Again, based on first principles of polymer theory, it has been proposed that the compactness of a polypeptide will vary with the linear polarization of oppositely charged amino acids. This leads to some interesting predictions, notably that a full range of oppositely charged residues creates a phase diagram of states, in which sharply defined regions of compactness, from completely swelled to compact globules and Janus-like objects in between, can exist (Das and Pappu, 2013) . Second, given that the phase diagram predicts sharp transitions between states, one can imagine that subtle changes in charge could switch a polypeptide from one state to another. An obvious way this could be achieved is through post-translational modifications. Phosphorylation of serine, threonine, and tyrosine, methylation of arginine, and methylation and acetylation of lysine, among the most common of these, result in the addition of a negative or reduction of a positive charge.
For example, precedence for phosphorylation-or methylationdependent liquid droplet formation has been reported (Scaramuzzino et al., 2015; Wang et al., 2014; Wippich et al., 2013) .
Formation of Nephrin-Nck-N-WASP liquid droplets described above depends on an intrinsically unstructured linker peptide between the first two SH3 domains of Nck. The linker amino acid sequence has a polarized distribution of oppositely charged amino acids with a highly conserved positively charged sequence motif at the N terminus of the linker and negatively charged residues at the C terminus (Banjade et al., 2015) . The authors showed that this motif interacts weakly with the negatively charged second SH3 domain but may also interact with a negative motif at the C-terminal end of the linker. These results illustrate the essentiality of charge and the notion of both regions, an intrinsically disordered motif and the folded SH3 domains as blobs, whose interactions with each other are essential to phase separation. 
What Do Molecular Interactomes Mean in the Context of Liquid Droplets?
We can now put together the principles discussed above to describe how liquid droplet interactomes are distinct from what we usually think of as protein interactomes ( Figure 3A) . The difference and its importance to understanding liquid phase separation in cellular biology was eloquently captured by Daniel Needleman, who wrote in a recent essay about the material nature of life that, ''individual molecules of water are not wet and the individual molecules that compose glass are not brittle, the wetness of water and the brittleness of glass are collective phenomena that arise from the interactions of billions of molecules'' (Needleman, 2015) . A first key distinction between droplets and other types of protein organization is that the macromolecules that compose a liquid droplet can exchange rapidly with the surrounding cytoor organelle-plasms. Proteins associated with the droplets are highly dynamic, diffusing into, out of, and within the droplets rapidly. There could be some drag on proteins leaving the nonmembranous bodies due to the intermolecular interactions within the droplet, which may be among the steady-state conditions for maintenance of the droplet. Nonetheless, the observed exchange rates between bulk solution (reflecting the cytoplasm or other subcellular compartment milieu) and droplets have been measured to be in the range of seconds to tens of seconds (Brangwynne et al., 2009; Li et al., 2012a) . Exchange rates of proteins and nucleic acids determine the droplet size and could be scaled with the cellular concentration of the proteins and size of the cell (Weber and Brangwynne, 2015; Zhu and Brangwynne, 2015) . Thus, compared to complexes of folded proteins, the compositions of liquid droplets are transient and can dictate rapid formation or disintegration upon slight changes in local concentrations and chemical states of components or physical or chemical composition of the environment.
Second, the most profound difference between simple molecular interactions and those of droplets is that collective properties of these objects can result in both attractive and repulsive interactions between droplets or between droplets and other objects ( Figure 3B ). Depending on the physical characteristics of a droplet, it may fuse and mix with components of other droplets, demix as a result, for example, of a change in a subdroplet's surface properties, or unmix, that is, repel another encountered droplet. The materials within the droplet phase separate from the surroundings because the net interactions they make among each other are more favorable than those with the surrounding milieu. Molecules at the interface are, thus, not as likely to form favorable interactions as those in the interior of the droplet. Consequently, the droplet curvature will increase to minimize contact surface area with its surroundings, as a water droplet does with air. For individual small molecules, proteins and RNAs, interfacial tension of a droplet is not a barrier to their entry into the droplet, provided that they are small enough to slip between intermolecular spaces and either make favorable interactions or no interactions with the molecules composing the droplet. We speculate that contact with large complexes (e.g., ribosomes), however, causes distortion of the droplet surface, increasing its surface area and therefore the interfacial tension between the droplet and its milieu . One can think of the droplet as behaving like a porous balloon, in which small objects can enter while larger objects can distort the surface but cannot enter the droplet. The exclusion of large particles creates regions in the bulk that are free of such large and unfavorably interacting molecules, so-called exclusion zones. Evidence so far for such exclusion zones created by liquid droplets in cells is limited but compelling. For instance, electron micrographs of sections of P-bodies show that otherwise widespread ribosomes are excluded from the P-bodies (Cougot et al., 2012) . Feric and Brangwynne (2013) recently demonstrated that the large nucleoli of Xenopus oocytes are suspended in the nucleoplasm within a network of branched actin. Interestingly though, they did not see actin persistently present within the nucleoli themselves, suggesting that these dense networks of protein fibers could form extended rough surfaces that cannot penetrate the nucleoli droplets. Finally, in C. elegans embryos, perinuclear germline P granules work as size-exclusion barriers that exclude dextran molecules of R70 kD but are permeable to dextran molecules of %40 kD (Updike et al., 2011) . The barrier properties of these perinuclear P granules are proposed, through interacting with the Phe/Gly-rich regions, to be coupled to and possibly extend the nuclear pore complex.
Water and its interactions with components of a droplet, at its interior or interface, is an important factor contributing to the droplet's properties, including viscosity and interfacial tension (Chandler, 2002) . For example, if molecules interact more favorably with the constituents of the droplet than they do with those of the surrounding milieu, they will be drawn into the droplet, creating a sort of liquid-vapor interface. Depending on the vapor pressure at such interfaces, one droplet could repel or attract another (Cira et al., 2015; Zwicker et al., 2015) . This may be one way that droplets with different compositions and functions have evolved to remain separate. One could easily imagine attractive or repulsive interactions of droplets with other structures in the cell, for example membranes and chromatin, which may serve to shape or organize these structures. We could further speculate that liquid droplets might generate force or act as a liquid couple between force-generating machines like actin filaments to distort or organize matter as part of cellular processes. We know, for instance, that liquid droplets associate with sites of damaged DNA or transcriptionally active regions and may serve essential roles in organizing chromatin, either directly or, in the case of transcriptionally active sites, through interactions with RNA (Altmeyer et al., 2015; Gemayel et al., 2015; Patel et al., 2015; Pennisi, 2013; . It remains to be determined precisely how the droplets are organized and whether they are essential to forcing the arrangements of matter in active regions or sequestering certain molecules in a regulatory manner.
Finally, as discussed above, phase separation of matter could further occur inside of the already phase-separated droplets and several examples of sub-compartmentalization of droplets have been reported (Brangwynne, 2011; Cougot et al., 2012) . Nucleoli suborganization can be recapitulated in vitro, due to the distinct interfacial tension generated by the distinct phase-separated proteins that make up the different subcompartments of the nucleoli (Feric et al., 2016) . Specifically, they observed that a droplet with a relatively high surface tension could be enveloped by a droplet with relatively lower surface tension. It should also be noted that the high surface tension enveloped droplet has other distinct properties including being not liquid but viscoelastic, a property anyone who has played with silly putty will understand: such materials will take on any shape depending on the forces applied to them but, if a force is applied rapidly, they will bounce back to their original shape. Regardless of their nature, such sub-compartmentalization creates a strategy to isolate catalytic processes and could also generate gradients and therefore chemical potentials ( Figure 3C ) (Scaramuzzino et al., 2015; Wang et al., 2014) . For example, frog oocyte nucleolus organization described above is thought to partition the sequential steps of ribosome biogenesis into the distinct nucleolar subcompartments (Feric et al., 2016) . P-bodies have also been shown to separate into at least two regions, a core, where proteins responsible for 5 0 -mRNA-decapping activity (such as Dcp1) are found and a mantle where the proteins involved in translational repression (including Dhh1) accumulate (Cougot et al., 2012) . What the functional significance of this layered organization is remains a subject of investigation, but the results point to the possibility that such arrangements may be common. Sub-compartments of stable complexes within a droplet have been described for mammalian and yeast stress granules. In this study, the authors referred to a stable ''core'' structure that was demonstrated to form in an ATP-dependent manner within stress granules (Jain et al., 2016) . In summary, liquid droplets we have described, like other subcellular compartments and the cell itself, may not be just simple concentrators of molecules, they may organize matter and chemical reactions in very specific ways.
Are Droplets, and Other Alternative Organizations of Matter, Important? The discovery of liquid properties among known non-membranous organelles will remain subjects of research in and of themselves, but whether phase separation is more generally important to our understanding of the organization of matter in the cell will depend on whether it is a very interesting but rare phenomenon or more common and can explain known or reveal novel biological phenomena. There are reasons to hope that the latter may be the case. First of all, there are hundreds, perhaps thousands of proteins that have been localized into puncta or ''granules'' in cells of different origins. It is conceivable that many of these bodies are liquid droplets and that the cell might be sub-compartmentalized into many such structures. For instance, some objects that to date have been referred to as granules, implying some kind of solid aggregates, have turned out to have liquid properties, including so-called stress and axonal mRNA transport granules and other local RNA translation regulatory bodies (Buxbaum et al., 2014; Cougot et al., 2008; Park et al., 2014) . Second, about one-third of eukaryotic proteomes consist of intrinsically unstructured peptide sequences and at least half of these contain low complexity sequences (Toretsky and Wright, 2014; van der Lee et al., 2014) . It is conceivable that some or all of these proteins phase separate under some circumstances.
In some organisms the proportion of low complexity sequences is unusually high. For instance the slime mold Dictyostelium discoideumhas has a high proportion of LCD-containing proteins and, interestingly, pathological LCD-containing proteins that form aggregates in yeast and mammals and are soluble when expressed in this organism . What purpose it may serve that some organisms have more LCD-containing proteins than others remains to be explored, but it will be interesting to see if one consequence is simply more utilization of non-membranous organelles to partition biochemical processes.
Finally, there are many genetic interactions that cannot be explained through any obvious functional or structural interactions. It is possible that a proportion of such interactions could be explained by the phase separation of the encoded proteins into a droplet to perform cellular functions (Costanzo et al., 2010) . In the past, if you knew that proteins A, B, and C were important to a function, likely you'd seek to show that they interact physically with each other or are somehow in functionally linked consecutive or parallel pathways. If they were not, you would just scratch your head and move on. Now, you might be able to explain their genetic interaction by the fact that they phase separate together.
Different non-membranous organelles may have similar functions in organizing cellular material. For example, the first clear example of liquid droplets, the germ cell P granules of C. elegans embryos polarize the distribution of mRNA along the embryo polar axis through a protein-concentration-dependent mechanism (Brangwynne et al., 2009 ). The rate of P granules condensation, and consequently mRNA, was shown to increase with PGL-1 concentration. This could be a more general mechanism for polarization of cellular material. In another example, an essential step in assembly of functional spliceosomal small nuclear ribonucleoproteins (snRNPs) requires a protein coilin that concentrates the snRNP components in Cajal bodies (Strzelecka et al., 2010) . The authors propose that coilin may phase separate into a droplet with other components of Cajal bodies, concentrating the snRNP components so that they assemble into an active complex. Detailed evidence that phase separation drives this process remains to be demonstrated.
The all-or-none nature of phase separation may also provide explanations for some abrupt cellular processes. For example, Richard Sear proposed that the Wnt pathway effector protein Dishevelled (Dvl) undergoes a liquid phase transition upon phosphorylation and that this transition is the mechanism underlying switch-like cell-fate decisions that are driven by Dvl in this pathway during embryogenesis (Sear, 2007) . It is possible that other switch-like activation/deactivation of cellular processes is driven by phase separation.
Another example of all-or-none phase separation of signaltransduction machinery has recently emerged that explains a well-known and curious phenomenon of clustering of activated cell-surface membrane receptors for a wide variety of hormones and other signaling molecules (Su et al., 2016) . They showed that intermediate signaling modules phase separated into liquid-like clusters upon T cell receptor phosphorylation. This central module included the adaptor-and effector-binding proteins Grb2 and SOS, respectively, both canonical components of many cell-surface receptors. They also showed that these clusters partitioned distinct enzyme activities, allowing protein kinases that catalyze phase separation to segregate with the clusters but repelling a protein phosphatase. They also result in activation of the canonical MAP kinase signaling cascade and recruit actin regulators, catalyzing actin filament synthesis.
While the number of cellular droplet types appears to be growing and we are beginning to understand some fundamental facts about them, many questions remain. Concerning droplet origins-how many are there? What is it about proteins and nucleic acids that cause them to phase separate with some, but not with other molecules?
Concerning function-what do the droplets actually do and how do their organizations or sub-organizations determine what they do and how cellular processes involving them work?
Concerning evolution-how did droplets evolve and, if they are evolvable, what is it about them that evolves? Is the evolution and selection of some, for example LCD-containing, proteins associated with the evolution of droplets? Finally, assuming that droplets are evolved objects, it is reasonable to ask then how the existence of droplets could contribute to theories of the origins of life since phase transitions are an obvious and simple way to organize matter (Wilson, 1899) .
One question that needs close attention is whether droplets have unique compositions or do they share components and what makes one distinct from another, seem within reach. For example, two mRNA-processing bodies, P-bodies and stress granules, share a number of common components, but also have distinct protein species (Parker and Sheth, 2007; Ramaswami et al., 2013; Teixeira and Parker, 2007) . How such partitioning occurs will have to be determined empirically through analysis of the sequences and properties of proteins that make up individual droplets, as has been done as mentioned above, as well as to determine proteins that tend to form prions or undergo temperature-dependent soluble aggregate transformations (Alberti et al., 2009; Malinovska et al., 2013; Quiroz and Chilkoti, 2015) .
Since the same proteins that form droplets are also those implicated in protein homeostasis pathologies, could their behavior in droplets provide new insights into diseases (e.g., neuromuscular disorders) and could these behaviors be ''druggable''?
Conclusions
Liquid droplets can be individually appreciated as interesting biological phenomena. From the perspective of molecular interaction networks, the discovery of liquid droplets presents fresh challenges and quandaries, which we've endeavored to explore. Furthermore, although the most obvious and cited functional significance of droplets is their ability to store molecules or concentrate chemical processes in space in an efficient way, we believe that droplets may serve more subtle and interesting functions. Here, we've attempted to provide possibilities that we could imagine, but doubtless, nature may have many surprises in store. Only time will tell.
